INTRODUCTION
The electronic structure of small polyatomic molecules (M X) containing a transition metal ͑M͒ and a common ligand ͑X͒ is of broad chemical interest. Theoretical studies of such molecules can provide general insight about metalligand bonding interactions and may greatly increase the chemical knowledge available for larger poly-ligand systems. Poly-ligand metal-cyanides are a prevalent class of compounds. The ͓Fe͑CN) 6 ] 2Ϫ,4Ϫ ions, classic examples of low-spin octahedral complexes, are commonly referred to as ''Prussian Blues,'' and are useful for removing or identifying toxins in animals, humans, and plants. 1, 2 The Fe-CN bond is also thought to influence bioinorganic synthesis 3 and hemeprotein chemistry. 4 Observations of monocyanides and monoisocyanides in the interstellar medium using radiofrequency spectroscopy, 5, 6 as well as terrestrial characterizations using laser fluorescence excitation or laser induced fluorescence spectroscopy, [7] [8] [9] [10] [11] [12] have provided many opportunities to experimentally study the structure of the metalcyanide and metal-isocyanide bonds.
Due to the rather isotropic electronic charge distribution of the CN Ϫ /NC Ϫ ligand, the bonding within alkali-metal monocyanide/isocyanide molecules is often ''polytopic, '' 13 meaning that the metal-ligand interaction is quite ionic and nondirectional. This characteristic allows the metal atom to orbit the CN Ϫ ligand on a flat potential energy surface at moderate temperatures. From an alternative dynamical perspective, if the metal atom is massive, the ligand executes facile internal rotation. The equilibrium structure of such polytopic compounds is often controversial. 14 -16 Two alkalimetal cyanide/isocyanide pairs ͑NaCN/NaNC and KCN/ KNC͒ exhibit a ''T-shaped'' equilibrium structure. 16, 17 In the case of lithium and the alkaline earth metals, the linear isocyanide isomer is the equilibrium geometry, but slight vibrational excitation allows these molecules to tunnel through low-energy internal rotation barriers, as experimentally and theoretically observed with MgNC, BeNC, CaNC, and SrNC, and also with AlNC. 11,13,18 -23 A few molecules, such as CuCN and NiCN, have been theoretically predicted or spectroscopically characterized to have a cyanide global minimum. 24, 25 In the interstellar medium, iron is one of the ten most 26 cosmically abundant atoms, and it is expected that a vast number of iron-containing compounds will be discovered. Terrestrial production of FeNC was recently achieved by Lei and Dagdigian, 7 and substantiated with high-resolution fluorescence excitation spectroscopy, which indicated the linear isocyanide to be the most stable species. According to analysis of rotational-resolved lines in the 360 nm region, Lei and Dagdigian reported a linear 6 ⌬ ground electronic state indicated by a ⍀Јϭ7/2←⍀Љϭ9/2 transition attributed to a 6 ⌸ ← 6 ⌬ electronic excitation, believed identical to that of FeF and FeCl. Assuming that FeNC has a similar spin-orbit coupling constant to the FeF and FeCl high-spin ground states (AϭϪ78.15 and Ϫ75.88 cm Ϫ1 , respectively͒, a fit was made for the observed rotational constants using the Hund's case ͑a͒ coupling scheme to obtain the bond distances of the ground state. The Fe-N and N-C bond lengths were reported to be 2.01Ϯ0.05 Å and 1.03Ϯ0.08 Å, respectively. Lei and Dagdigian do not comment on this unusual C-N bond length, which is 0.1 Å shorter than any C-N bond length observed theoretically or experimentally. A linear least-squares fit to an observed (00v 3 ) vibrational progression up to v 3 ϭ7 yielded an 3 (Fe-N) harmonic vibrational stretching frequency of 464 cm Ϫ1 , but no statistically significant e x e value.
Since iron is a d 6 element, there are many possibilities of both high-and low-spin electronic configurations for polyatomic molecules with an iron center. 27 Many of these states have potential energy surfaces that are very low-lying in energy near the ground state surface. The reasoning for an Fe-X molecule to have a high-or low-spin ground state is not simplistic, beginning with the case of the simplest iron molecule FeH, where the ground state is thought to be 4 ⌬, although other nearly isoenergetic candidates exist. 28, 29 Comparisons of FeCN/FeNC to FeH will be discussed in detail in later sections. An excellent review by Harrison 30 recently summarized the complexity of the electronic structure of Fe-X diatomics. Sophisticated levels of theory that include a multireference valence description of nondynamical correlation ͑also known as static correlation͒, high orders of electronic excitation to describe dynamical correlation, and large basis sets are necessary to ensure the relative energies of the ground state with respect to low-lying excited states are accurately determined.
To add to the understanding of cyanide/isocyanide bonding, ab initio studies of transition metal CN/NC compounds have been undertaken in our laboratory to determine how the ionic/covalent nature of the metal-ligand bond affects the stability of the cyanide versus the isocyanide isomer. In this paper, equilibrium geometries, harmonic frequencies, and electronic excitation energies of FeNC and FeCN are compared to those found in the experimental work of Lei and Dagdigian. 7 New basis sets and highly correlated methods are used in order to determine the barrier height for internal rotation and relative energetics of various electronic states.
THEORETICAL METHODS
Five basis sets were utilized in this study of FeNC/FeCN. 31 The first is of double-zeta quality and is a combination of the Fe(14s11p6d/10s8p3d) Wachters set 32 and the Huzinaga-Dunning (9s4p1d/4s2p1d) basis 33 for the C and N atoms. In their study of FeH, Sodupe et al. 34 stress the importance of including f polarization functions to properly describe the energy difference between the ground state and low-lying excited states of ironcontaining compounds. Accordingly, the next basis set used for FeCN/FeNC was the Roos augmented double-zeta atomic natural orbital ͑ANO͒ basis set 35, 36 for all three atoms
A second ANO basis set developed at NASA Ames 37, 38 was also implemented, which is not only of triple-zeta quality, but also includes g functions for iron (21s15p10d6 f 4g/7s6 p4d3 f 2g), and f and g functions for carbon and nitrogen (13s8 p6d4 f 2g/5s4p3d2 f 1g). The triple-and quadruple-zeta correlation-consistent polarized valence ͑cc-pVXZ͒ basis sets very recently developed for iron by Ricca and Bauschlicher 39 were also employed. These basis sets were conjoined with augmented correlation-consistent ͑aug-cc-pVXZ͒ basis sets 40 for the lighter atoms in order to describe any anionic character of the NC/CN ligand. The cc-pVTZ/aug-cc-pVTZ basis has Fe(20s15p10d2 f 1g/6s8 p6d2 f 1g) and C/N(11s6 p3d2 f /5s4p3d2 f ), and the cc-pVQZ/aug-ccpVQZ basis has Fe(20s15p10d3 f 2g1h/6s8 p6d3 f 2g1h) and C/N(13s7 p4d3 f 2g/6s5 p4d3 f 2g). To keep our notation compact in this paper, we generally give only the Fe designation in referring to these basis sets. To determine the effects of core-valence ͑CV͒ interactions, the cc-pVTZ basis set was modified in the manner proposed by Ricca and Bauschlicher 39 to create the cc-pCVTZ basis and combined with the standard aug-cc-pCVTZ basis set for C and N. 41 Full geometry optimizations were performed for all basis sets at the ROHF ͑restricted open-shell Hartree Fock͒, 42, 43 CISD ͑configuration interaction singles and doubles͒, 44, 45 CCSD ͑coupled cluster singles and doubles͒, [46] [47] [48] and CCSDT-3 ͑CCSD with iterative partial triples͒ 49 levels of theory for the lowest-lying states of each applicable term symbol of FeCN/FeNC: 6 ⌬, 6 ⌸, 4 ⌬, 4 ⌸, and 4 ⌺ Ϫ . In general, the correlation treatments included only valence electrons, freezing the 1s MOs of carbon and nitrogen, as well as the 1s, 2s, 2p, 3s, and 3 p MOs of Fe. No virtual orbitals were frozen in this study. In computations with the ccpCVTZ basis set, the 3s and 3p orbitals of iron and the 1s orbitals of C/N were included to gauge core correlation effects.
When investigating the multireference character of the molecules, state-averaged ͑SA͒ complete active space selfconsistent field ͑CASSCF͒ geometry optimizations were performed with a 13 electron/12 MO active space. 50, 51 This active space includes all valence orbitals except the low-lying 2s orbitals of carbon and nitrogen, whose omission greatly reduced computation time. Internally contracted multirefer-ence configuration interaction singles and doubles ͑MRCISD͒ 52 computations were also performed using SA-CASSCF optimized MOs. The Appendix gives the leading CI coefficients ͑0.10 cutoff͒ of the four electronic states for both isomers that were studied using multireference CI methods. These coefficients remained similar amongst basis sets. All configuration state functions contained in the SA-CASSCF wave function with CI coefficients greater than 0.02 in magnitude were used as references in internallycontracted MRCISD computations. Equilibrium geometries were then optimized upon the multireference Davidson corrected energy ͑MRCISDϩQ͒. 53 For the quartet states and sextet states, the MRCISD computations employed 21-22 and 8 reference configurations, respectively. Quartet states had approximately 25-460 million uncontracted configurations contracted by one order of magnitude, while the sextet states had 16 -325 million uncontracted configurations contracted one order of magnitude using the Wachters/DZP basis set and two orders of magnitude with cc-pVQZ. The sum of the squares of the reference configuration coefficients was between 0.993 and 0.997 in the final MRCISD wave functions. The PSI 2.0.8, 54 ACES II, 55 and MOLPRO 56, 57 software packages were all extensively used in this study.
Scalar relativistic corrections for relative energies were carried out by computing one-electron mass-velocity and Darwin first-order perturbation terms, [58] [59] [60] principally via MOLPRO at the valence MRCISD level with the fully uncontracted cc-pVQZ/aug-cc-pVQZ basis set. Comparative single-reference relativistic results were obtained via ACES II at the all-electron level with the cc-pVQZ/aug-cc-pVQZ basis, kept contracted due to program limitations.
RESULTS AND DISCUSSION

Equilibrium geometries
The primary valence configurations for the five electronic states of FeNC/FeCN studied here are compiled in Table I , along with C ϱv and C 2v state designations. In Tables II ͑FeNC͒ and III ͑FeCN͒, ROHF geometries, harmonic vibrational frequencies, and dipole moments are collected for various states. Tables IV ͑FeNC͒ and V ͑FeCN͒ show relative energies, geometries, and harmonic vibrational frequencies using the largest basis sets and correlated wave functions. Figures 1͑a͒ and 1͑b͒ depict ⌸) compared to their ROHF counterparts. Clearly, as a possible measure of metal-ligand charge transfer and back-bonding, r(C-N) for the two isomers displays very subtle effects that require a more indepth study. The cc-pVQZ MRCISDϩQ results show agreement of Fe-N/Fe-C bond lengths with CCSD to 0.008 Å for the ⌬ states. The inclusion of core correlation effects does not significantly change equilibrium geometries.
The equilibrium geometries agree with the trend that the M-C bond in cyanides is typically 0.1 Å longer than the M-N bond in isocyanides. Our C-N bond distances for FeNC/FeCN are in full accord with the 1.14 -1.19 Å range of bond distances in other metal cyanide and/or isocyanide studies, 61, 62 as well as various results for the bond length of CN Ϫ anion, including the latest theoretical MRCISDϩQ value ͑1.183 Å͒, 63 our cc-pVQZ CCSDT-3 prediction ͑1.181 Å͒, and a fitted r e (CN Ϫ ) of 1.177 Å from a photoelectron spectroscopy study. 64 The experimental value 7 of 1.03Ϯ0.08 Å ascribed to linear 6 ⌬ FeNC is far shorter than any known C-N bond distance and is most likely due to the large uncertainties in B 0 when analyzing the laser excitation fluorescence spectra. Our theoretical 6 ⌬ FeNC results ͓r e (N-C)ϭ1.183 Å with cc-pVQZ CCSDT-3 and 1.182 Å with cc-pVQZ MR-CISDϩQ͔ are barely within twice the error interval of experiment. Our best Fe-N ͑cc-pVQZ MRCISDϩQ͒ bond length of 1.94 Å is also in significant disagreement with the 2.01Ϯ0.05 Å value of Lei and Dagdigian. 7 The FeCN/FeNC isomers have very large Fe-C/ Fe-N bond distances compared to those of diatomic FeC (r e ϭ1.58 Å) 65, 66 and FeN (r e ϭ1.57 Å), 67, 68 since strong multiple Fe-X bonding is not present within the cyanide and isocyanide isomers. In the initial study of the ccpVXZ basis sets for Fe, Ricca, and Bauschlicher 39 compare FeCO geometries to observed rotational spectra. 69 Their CCSD͑T͒ results for Xϭ3 -5 show Fe-C and C-O bond lengths within 0.02 and 0.005 Å of experiment, respectively. We expect similar accuracy of our results, highlighting strong disagreement with the experimental geometry of 6 ⌬ FeNC.
Carbon-13 isotopic substitution on FeNC agrees well with experiment, giving an average decrease in the rotational constant of 0.063 cm Ϫ1 for our results compared to 0.060 cm Ϫ1 in Ref. 7 . Validating the characterization by Lei and Dagdigian of the isocyanide isomer, the 13 C-substituted cyanide isomer shows a lessening of B e of only 0.0013 cm Ϫ1 .
The FeCN isotopic substitution is expected to have less of an effect on the rotational constants because the substituted atom is closer to the molecular center of mass.
Transition state geometries on the 6 ⌬ surface
The transition state for a 6 ⌬ surface isomerization representing rotation of the iron atom around the CN ligand is shown in Fig. 1͑c͒ . The energetics for this isomerization are shown in Table VI . The Fe-C-N angle is sensitive to the level of theory, but the true value is apparently near 90°. The Fe-C bond length is elongated less than 0.05 Å from the FeCN minimum ͓cf. Figs. 1͑b͒ and 1͑c͔͒ and is much shorter than the Fe-N distance, giving an ''L-shaped'' structure. At the cc-pVQZ CASSCF optimized geometry, the Fe-C distance is 2.148 Å and the Fe-N distance is 2.411 Å. Only for Cu has a theoretical transition-metal CN/NC transition state geometry been reported thus far, by Boldyrev et al. 62 At the 6-311ϩG* MP2 level, their transition state shows a Cu-N length 0.7 Å shorter than the Cu-C distance. The corresponding dipole moments for the quartet state are at least 2 D higher, with this gap decreasing substantially as the dynamical electron correlation treatment is extended from CISD to CCSD. It is striking that after inclusion of nondynamical correlation, the quartet dipole moments are lowered so much that they become essentially the same as their sextet counterparts. In the CASSCF computations, the dipole moments of the 4, 6 ⌸ and for quartet states and 1.08 -1.14 for sextet states. One conclusion to be drawn from assessment of the dipole moment data for FeNC and FeCN is that the single-reference correlation methods overestimate the ionic character of the quartet states and may thus be dubious in their predictions of quartet/sextet energy differences.
Dipole moments
Vibrational frequencies
The only vibrational frequency assigned by experiment for FeNC/FeCN is for the Fe-N stretching mode of the 6 ⌬ state of the isocyanide isomer. As previously mentioned, a fit to an observed (00v 3 ) progression gave the harmonic frequency 3 (FeNC)ϭ464 cm Ϫ1 . 7 With larger basis sets, the ROHF method gives harmonic frequencies of 470-475 cm
Ϫ1
. The valence correlation treatments contract the Fe-N bonds significantly, but the corresponding vibrational frequency predictions are only slightly higher, 488 -494 cm Ϫ1 . The inclusion of Fe outer core correlation yields 3 (FeNC) ϭ475 cm Ϫ1 with cc-pCVTZ CCSD, in excellent agreement with experiment. By comparison, the same level of theory gives 3 (FeCN)ϭ417 cm Ϫ1 for the 6 ⌬ state of the cyanide isomer. Thus, our predictions for the metal-ligand stretching vibrations favor the experimental assignment of the observed frequency to the isocyanide species. For FeNC, the 4 ⌬ -6 ⌬ difference for 3 is about ϩ10 cm Ϫ1 with coupled cluster methods, but when the quartet states are given a proper multireference correlation treatment ͑MRCISDϩQ͒, the difference becomes Ϫ83 cm Ϫ1 , enough to clearly distinguish the IR spectra of these two states.
For the C-N stretching mode ( 1 ), the cyanide frequencies are 83-164 cm Ϫ1 higher than their isocyanide counterparts for all states and across all levels of theory, as shown in Tables II-V . With the coupled cluster methods, the 1 values for the 4, 6 ⌬ and 4, 6 ⌸ states of each isomer cluster in narrow intervals of less than 20 cm Ϫ1 , making it difficult to distinguish among these states on this basis. Lei and Dagdigian 7 proposed 1 (FeNC)ϭ2200 cm Ϫ1 as a rough es- Tables IV and V . Because the bending frequencies of the 6 ⌬ and 4 ⌸ states are real, they can be positively assigned to have a linear geometry at correlated levels of theory. Full resolution of this issue is deferred for later studies that might invoke CASSCF analytic second derivatives, MRCISD finite differences methods, or EOM-CC ͑equation-of-motion coupled cluster͒ techniques, 70, 71 for example.
Adiabatic excitation energies in the IR region
Numerous studies of FeH have determined that the relative energies of various electronic states are not similar between Hartree-Fock ͑HF͒ and correlated levels of theory. Early HF calculations initially determined the ground state of FeH to be first 4 ⌺ Ϫ ͑Ref. 72͒ and then 6 ⌬. 73 More than a decade passed before the ground state of FeH was consistently shown with both experimental 74, 75 and high-level theoretical methods 28, 76 to actually be 4 ⌬. When larger basis sets, static correlation, and dynamical correlation were included, far more correlation energy for the lower spin quartet states was recovered. With high enough levels of theory, the X 4 ⌬ energy eclipses that of the HF ground state a 6 ⌬. Theoretical and experimental studies of the high-spin molecules FeCl 77 and FeF 78 determined that while dynamical correlation is a large factor in energy state ordering, it is not likely to switch the configuration of the ground state in these diatomics between uncorrelated and correlated levels of theory. Lei and Dagdigian 7 argue that the spin-orbit couplings of FeNC/FeCN more closely match those of the iron-halogens, one of the factors of validating the 6 ⌬ ground state. To ascertain if FeNC/FeCN behaves more like low-spin FeH or high-spin FeF/FeCl, it is imperative to determine how correlated wave functions alter the energy splitting between highspin and low-spin configurations.
The most notable problem in predicting relative energies of the low-lying states of FeNC/FeCN is that the sextet states are dominated by single configurations, while the quartet states have large multireference character, as detailed in the Appendix. When single-reference CCSD theory is applied to the 4 ⌬ and 4 ⌸ states, extraordinarily large T 1 amplitudes result for the 11→12 excitations, precisely those seen above which reduce the dipole moments. In contrast, for both isomers no T 1 coefficient exceeds 0.06 for the 6 ⌬ and 6 ⌸ states at any level of theory. As a specific case, the Wachters/ DZP CCSD wave function for the 4 ⌬ state of FeCN shows a maximum T 1 amplitude of 0.96 and 9 different T 1 amplitudes over 0.06. The Wachters/DZP CCSDT-3 method fares even worse, giving for example, FeNC 4 ⌬ and 4 ⌸ maximum T 1 amplitudes of 1.70 and 1.61, with 18 and 14 T 1 's over 0.06, respectively. For quartet states, we find that the largest T 1 amplitudes, as well as the number of amplitudes over 0.06, decrease significantly with increasing basis set size, but are as still as large as 0.50 at the cc-pVQZ CCSDT-3 level. The large T 1 amplitudes for the quartet states signal enormous orbital relaxation effects from the ROHF reference, and are consistent with the presence of competing electronic configurations, as seen in the CASSCF CI coefficients in the Appendix. Not surprisingly, our attempts to determine full CCSDT wave functions were crippled by severe convergence problems. Given these manifestations of multireference character, the popular CCSD͑T͒ method [79] [80] [81] should not be relied upon for FeNC/FeCN quartet states, because it should not be expected that connected triple excitations in these types of systems can be adequately treated by perturbation theory. Regarding the various CCSDT-n iterative partial triples methods, a recent study by He et al. 82 concluded that CCSDT-1b may overestimate the contribution of triple excitations, and we found that CCSDT-4 suffers from the same convergence problems as CCSDT. Therefore, we have used the CCSDT-3 method to gauge the effect of connected triple excitations. In this study, we do gain valuable information on relative energetics from analysis of coupled cluster results, but greater weight must be placed on the multireference configuration interaction predictions.
In Tables VII and VIII , theoretical results are collected for the adiabatic excitations energies of the low-lying states of FeNC and FeCN. Variations with level of theory of the 6 ⌬Ϫ 4 ⌬ excitation energies obtained with the cc-pVQZ basis set are plotted in Fig. 3 . For the methods that do not include dynamical electron correlation, the excitation energies depend only weakly on basis set. Specifically, in Tables VII and  VIII, Computed as a single point at the cc-pVQZ/aug-cc-pVQZ CASSCF optimized geometry. Computed at the cc-pVQZ/aug-cc-pVQZ MRCISDϩQ optimum geometry. 4 ⌬ lowered to about 6400 and 6200 cm Ϫ1 above 6 ⌬ FeNC and FeCN, respectively. As expected, the dynamically correlated T e predictions do display significant basis set dependence, as the addition of higher angular momentum functions slowly accounts for short-range electron-electron cusp behavior. [83] [84] [85] [86] [87] [88] [89] The effect is largest for quartet states, where differential correlation effects with the ground 6 ⌬ state are greatest and valence basis set augmentation steadily lowers the excitation energies. For example, at the CCSD level, T e ( 4 ⌬) for FeCN is lowered from 3372 cm Ϫ1 with Wachters/DZP to 2260 cm Ϫ1 with ccpVTZ, and then finally to 2050 cm Ϫ1 with cc-pVQZ. However, comparison of cc-pVTZ and cc-pCVTZ valence correlation results shows that improved flexibility in the core/ valence region raises the quartet excitation energies by 100-250 cm Ϫ1 . As shown in Fig. 3 , both the ROHF→CISD→CCSD→CCSDT-3 and CASSCF→ MRCISD→MRCISDϩQ correlation series exhibit monotonic reductions in the 4 ⌬← 6 ⌬ excitation energy of FeNC and FeCN. In fact, such correlation trends are seen in all of the T e results in Tables VII and VIII. Using smaller basis sets, CCSDT-1b 6 ⌬ -4 ⌬ energy splittings were within 115 cm Ϫ1 of the CCSDT-3 results; with the larger basis sets, we find the CCSD͑T͒ method to give excitation energies intermediate between CCSD and CCSDT-3. 90 With the dipole moment and T 1 amplitude discussions in mind, predicting the valence, nonrelativistic ab initio limits of the relative energies of low-lying states of FeNC and FeCN is treacherous. For the 6 ⌸ state, there is excellent agreement among the best coupled cluster and MRCI results in Tables VII and VIII : T e ( 6 ⌸)ϭ2450Ϯ50 cm Ϫ1 for FeNC and 1750Ϯ100 cm Ϫ1 for FeCN. The data suggest that extrapolation to the complete basis set limit would bring little change to the relative energy. In contrast, for T e ( 4 ⌬) the cc-pVQZ CCSDT-3 values are lower than their MRCISDϩQ counterparts by about 3000 and 4100 cm Ϫ1 for FeNC and FeCN, respectively. With a faulty ROHF quartet reference wave function, devoid of important static correlation, the CCSDT-3 scheme apparently overshoots the stabilization of the 4 ⌬ state. On the other hand, the 6 ⌬Ϫ 4 ⌬ separation for FeH reveals that the cc-pVQZ MRCISDϩQ method probably underestimates the stability of the quartet states by 800-1600 cm Ϫ1 . 28, 76 Thus we believe that in the nonrelativistic, valence limit T e ( 4 ⌬)ϭ3000Ϯ1200 cm Ϫ1 for both FeNC and FeCN, with the cyanide excitation being lower by a couple hundred cm Ϫ1 .
Core correlation and relativistic corrections to the T e values are listed in Tables VII and VIII and plotted in Fig. 3 . The effect of correlating the Fe(3s,3p) and C/N (1s) electrons, at the size-extensive cc-pCVTZ CCSD level, is to decrease the energy separation from the 6 ⌬ ground state by 508 ͑612͒ and 845 ͑876͒ cm Ϫ1 for the 4 ⌬ and 4 ⌸ states of FeNC ͑FeCN͒, respectively. The corresponding shifts in the 6 ⌸Ϫ 6 ⌬ separations are less than 100 cm Ϫ1 .
With regard to the relativistic corrections, completely different pictures are given by the single-reference CCSD and the multireference CISD computations. In the former case, the 4 ⌬ and 4 ⌸ states of FeNC/FeCN are raised by 1090 to 1990 cm Ϫ1 over the 6 ⌬ ground states, amounts comparable to the magnitude of the analogous relativistic shift ͑2200 cm Ϫ1 ͒ in the 5 DϪ 5 F separation of atomic Fe. 76 We found that the large CCSD corrections obtained with ACES II are broadly confirmed by single-reference ROHF and CISD relativistic computations with MOLPRO. However, when MRCISD computations are executed via MOLPRO, the relativistic effect on the quartet adiabatic excitation energies drops by an order of magnitude, attesting to the dramatic changes static correlation makes on the electron density, as seen above in the dipole moment analysis.
Giving preference to the MRCISD predictions, we conclude that the relativistic shifts in FeNC/FeCN are comparable to the similar correction for the 4 ⌬Ϫ 6 ⌬ splitting in FeH. 28 Specifically, relativity increases T e of the 4 ⌬ state of FeNC͑FeCN͒ by 232 ͑192͒ cm Ϫ1 while affecting the 6 ⌸Ϫ 6 ⌬ separation by only Ϫ22 ͑Ϫ50͒ cm Ϫ1 . The trends of relativistic effects on T e values of iron-containing species may be understood on the basis of total s, p, and d Mulliken populations in the various electronic states. 76 Appending the sizable core correlation and relativistic shifts to the valence, nonrelativistic limits inferred above, we arrive at final estimates for the relative energies: T e (FeNC),
). Uncertainties are difficult to reliably assess, but perhaps are as large as Ϯ1500 cm Ϫ1 for the quartet states and a few hundred cm
Ϫ1
for the 6 ⌸ states. 
Isomerization energy and barrier height
The data in Table VI address the compelling question of which isomer of FeNC/FeCN is lower in energy, and what is the isocyanide/cyanide interconversion barrier. In the singlereference correlation series, FeCN starts out substantially above FeNC, but the energy gap steadily decreases as the level of theory is improved. For example, with the cc-pVTZ basis, the ROHF, CISD, CCSD, CCSD͑T͒, and CCSDT-3 isomerization energies, ⌬E e ( 6 ⌬,FeNC→FeCN), are 1819, 856, 413, 251, and 343 cm Ϫ1 , in order. Among the basis sets, the range of values is generally less than 100 cm Ϫ1 , but for the correlated methods the NASA ANO set consistently gives outlying predictions 100-150 cm Ϫ1 lower than their cc-pVQZ counterparts. Comparing the cc-pVTZ and ccpCVTZ valence CCSD treatments suggests that an improved description of the core/valence region may favor the FeCN isomer by around 200 cm Ϫ1 . Interestingly, the multireference correlation series exhibits a reversal of trends, i.e., FeCN starts out substantially below FeNC but is steadily raised as the theoretical method is improved. Specifically, with the ccpVQZ basis, the CASSCF, MRCISD, and MRCISDϩQ isomerization energies are Ϫ1269, Ϫ509, and Ϫ166 cm Ϫ1 , respectively. In summary, both the single-and multireference series predict isomerization energies less than 350 cm Ϫ1 Computed at the cc-pVQZ/aug-cc-pVQZ MRCISDϩQ optimum geometry.
͑1 kcal mol Ϫ1 ͒ in magnitude, but in the former case FeNC is lower while in the latter case FeCN is lower. Because the 6 ⌬ ground states of both isomers are well described in zeroth order by a single electronic configuration ͑see Appendix͒, preference is given here to the rigorously size-extensive coupled cluster results. Based on the cc-pVQZ and cc-pVTZ CCSDT-3 predictions, we estimate the nonrelativistic, valence limit of ⌬E e ( 6 ⌬,FeNC→FeCN) to be 200Ϯ150 cm Ϫ1 . As shown in . Giving preference to the MRCISD result, our final prediction becomes ⌬E 0 ( 6 ⌬,FeNC→FeCN)ϭ200ϩ11ϩ89Ϫ74 Ϸ225 cm Ϫ1 with an uncertainty of perhaps a few hundred cm
Ϫ1
. Several studies 21, 24, 91 of cyanide/isocyanide pairs have asserted that as the degree of covalency ͑ionicity͒ increases the cyanide ͑isocyanide͒ isomer becomes more stable and the isomerization barrier is heightened ͑lowered͒. As mentioned 24 propose that the cyanide isomer is lower in energy because electron density is better drawn to the peripheral lone-pair nitrogen orbitals than those orbitals of the carbon atom. In FeNC/FeCN there is always greater negative charge on the atom adjacent to Fe, but the nitrogen in FeCN indeed has a Ϫ0.4 partial charge while that for the carbon in FeNC is only Ϫ0.1. Thus, the same type of charge distribution is present in the iron case as in the nickel case, but this feature is not associated with the existence of a lower-energy iron-cyanide isomer.
From a cc-pVQZ MRCISDϩQ single-point determined on top of the corresponding CASSCF transition state, the FeNC→FeCN classical barrier on the 6 ⌬ surface is predicted to be 2276 cm Ϫ1 , or about 6.5 kcal mol Ϫ1 . While this barrier is somewhat large for a polytopic system, it is much smaller than expected for a covalently bonded species. The only available theoretical barrier height for a transition metal cyanide/isocyanide interconversion is 1. 
CONCLUSIONS
In this study of FeCN and FeNC, the ROHF, CISD, CCSD, CCSDT-3, CASSCF, MRCISD, and MRCISDϩQ methods have been employed with five Fe/C,N basis sets, namely, Wachters/DZP, two ANO basis sets of double-and triple-zeta quality, and the correlation consistent cc-pVTZ/ aug-cc-pVTZ and cc-pVQZ/aug-cc-pVQZ sets containing recently constructed 39 Fig. 2͒ . The importance of including these configurations in the quartet reference wave functions is dramatically seen in the computation of the dipole moments, which are otherwise overestimated by 2-4 D.
͑6͒ The recent spectroscopic characterization of linear 6 ⌬ FeNC by Lei and Dagdigian 7 is largely validated by our theoretical work, particularly the assignment of the ground term symbol, the 13 C shift in the rotational constant, and the Fe-N stretching frequency of 464 cm
Ϫ1
. Moreover, our results confirm the essential features of the near-UV 6 ⌸← 6 ⌬ excitation on which the experimental analysis was based, including the band origin, the absorption intensity, and the qualitative identification of the excitation as Fe(4p←4s). However, the empirically derived bond distances, r e (Fe-N) ϭ2.01Ϯ0.05 Å and r e (N-C)ϭ1.03Ϯ0.08 Å, are vitiated by theory. The cc-pVQZ MRCISDϩQ level predicts r e (Fe-N) ϭ1.940 Å and r e (N-C) Finally, the gross differences in electronic structure of the quartet versus sextet states, as well as the isocyanide versus cyanide isomers, make it particularly difficult to obtain converged ab initio predictions for the recalcitrant FeNC/FeCN system. For the quartet states, single-reference coupled cluster methods including connected triple excitations appear to underestimate the energy relative to the 6 ⌬ ground state, or have severe convergence problems. In contrast, calibrations on FeH suggest that the MRCISD wave functions computed here are missing significant dynamical correlation that lowers the relative energies of the FeNC/ FeCN quartet states. The application of more advanced, multireference coupled-cluster methods and open-shell ab initio theory would be helpful to refine our best predictions and elucidate the approach to the full CI limit in these model systems. Though many advances are needed in productionlevel ab initio theory to completely unravel the mysteries of transition-metal containing compounds, this study shows the progress of computational chemistry in attacking such difficult systems. 
